A numerical study of the aspiration efficiency of a thin-walled sampler facing the wind for high velocity ratios 
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Introduction
Aerosol samplers are widely used in health and environmental studies and hence have been a major area of research both theoretically and experimentally. Such samplers generally operate by withdrawing particle laden air through one, or more, orifices in their surface. The particles are then either collected on a filter, which is situated within the sampler, or they pass through a sensing region. The air flow near the sampler is distorted by the presence of the sampler and by the action of withdrawing air. Due to the forces acting on the particles within the flow they will not necessarily follow the air motion. In the case when all external forces acting on the particle, such as gravity, are negligible then the difference between the motion of the particle and that of the air will depend on the size of the Stokes number, 
where d is the particle diameter, γ the particle density, U 0 the freestream velocity, µ the air viscosity and D the sampler diameter. Due to this inability of the particles to follow the air motion, the sample collected by the aerosol sampler may not be a true representation of the particle concentration in the undisturbed environment. A measure in the distortion of the sample collected is given by the aspiration coefficient, A, which is defined as the ratio of the concentration of the particles in the air entering the sampler to that in the undisturbed flow.
Past work into understanding the performances of aerosol samplers includes both experimental and theoretical studies and much of the early work has been summarised by Vincent (1989) . The studies have considered both thin-walled sampling probes and 'blunt' samplers. Thin-walled probes are the most idealised form of aerosol samplers and when the air speed and the sampling speed are the same then they collect 'representative' samples. They are widely used to provide reference samples by which the performances of other more complicated samplers can be determined. Although thin-walled samplers are idealised samplers, gaining an understanding of how they perform provides insights into the performance of more complicated samplers. Hence this area of aerosol sampling has received much attention, see, for example, Belyaev and Levin (1974) , Jayasekera and Davies (1980) , Grinshpun et al. (1990) . In these studies the aspiration characteristics of thin-walled samplers were investigated for various operating parameters. However much of the published experimental data and theory on thin-walled samplers has been limited to a relatively narrow range of the velocity ratio,
where U S is the sampling velocity. The range of values of R considered was generally restricted to 6 R 2 . 0 ≤ ≤ . More recently work has been undertaken into understanding the performance of thin-walled samplers for values of R up to 50, see Paik and Vincent (2002a) .
In the work of Belyaev and Levin (1974) a model was developed for the aspiration efficiency, A, of a thin-walled sampler facing the wind which has been widely accepted.
Using physical reasoning it had previously been argued, Badzioch (1959) , that A took the
where α is the efficiency by which particles , due to their inability to follow the distorted air motion near the sampler, 'impact' onto the sampler inlet. Belyaev and Levin (1974) proposed that α be given by
and obtained an empirical form for the quantity G given by and E is the efficiency of the inertial impaction of particles into the sampler at U S = 0.
In recent years, interest has been stirred in studying aerosol aspiration for a much wider range of values of R than previously considered. For example, evidence now suggests that wind speeds found in workplaces, where ventilation is not forced, are typically less than 1m/s, and this results in lower values of R than previously considered. Also, there is a desire to use lighter sampling pumps for industrial and environmental hygiene applications, see Vincent et al. (1999) , which results in lower suction velocities and hence higher values of R.
Some work was performed into understanding the performances of samplers operating at low sampling velocities, hence high values of R, by Yoshida et al. (1980) when they considered, theoretically and experimentally, thin-walled sampling probes oriented vertically, facing the oncoming flow. By investigating the particle deposition inside the sampling probes they postulated that some of the particles which collided with the internal walls of the probe were returned to the main air flow by a reversal of the air flow. Their work was restricted to one size of particle and vertically oriented samplers.
In the work of Liu et al (1989) a numerical study was made of the performance of a tube sampler for values of R up to 10. They determined equations to fit their numerical data for the aspiration, penetration and loss coefficients. Where the penetration coefficient is the ratio of the particle concentration at the tube exit to that in the undisturbed flow and hence does not include particles that impact the tubes inner walls. The loss coefficient is the difference between the aspiration and penetration coefficients.
Recently, Vincent (2002a, 2002b) have studied the aspiration efficiency of samplers, both thin-walled and blunt, oriented horizontally, facing the wind for values of R up to 50. In their work the experimental results for aspiration efficiency are tabulated hence making it possible to compare them with theoretical models such as the one developed here. In their first study, Paik and Vincent (2002a) considered thin-walled samplers and found that their experimental data increasingly differed from the model developed by Belyaev and Levin (1974) as R increased above about 6. Using this data, they improved the Belyaev and Levin model, by altering the empirical term G, to more accurately describe what happens over the wider range of conditions considered. The form that G was postulated to take is given by
As noted by Paik and Vincent (2002a) , for some of the conditions they considered, the settling speed of the particles would have been of the same order of magnitude as the particles horizontal component of velocity across the sampling inlet. It would therefore be likely that gravitational effects may well affect the aspiration efficiency. The model of Belyaev and Levin, equations (3)- (5), was based purely on inertial considerations.
Although Paik and Vincent (2002a) attempted to modify the value of G , equation (5), to include gravitational effects upon the particle motion and hence involve the Froude number, Fr, which represents the ratio between inertial and gravitational forces, they could not find a form that agreed with their experimental results as well as equation (6).
The performance of blunt samplers for values of R up to 25 was considered by Paik and Vincent (2002b) and, as in the thin-walled case, they found that previous models developed for the aspiration efficiency significantly overestimated the aspiration as the value of R increases.
In this paper a numerical model is developed to investigate the behaviour of particles in the vicinity of a thin-walled sampler operating over a wide range of values of R. An understanding of the flow and particle behaviour for the simpler thin-walled case very close to the sampler entry provides important insights into more complex blunt samplers.
Further the effects of gravity upon the aspiration efficiency of the sampler are investigated.
Formulation
In order to make an initial investigation into sampler performance at large values of R, and to compare the results obtained with the available experimental data, a thin-walled sampler has been considered. The sampler, which has a suction velocity U S , is assumed to be facing the air stream which is moving with an undisturbed uniform velocity U 0 . A numerical model has been developed to predict the air flow around and into the sampler.
In the model the flow is assumed to be ideal flow and the viscous effects neglected. This greatly simplifies the equations of motion for the flow and significantly reduces the computation time and resources necessary to obtain results. This model has been described in Dunnett and Wen (2002) and therefore it is not reproduced in detail in this paper.
Previously it has been found that the ideal flow model is an adequate model of the airflow for many sampling situations but it is possible that this is not always the situation. For the situation of interest in this work, sampling for large values of the velocity ratio R, the air velocity in the sampling tube is significantly less than the undisturbed air velocity, and the limiting streamsurface reaches stagnation on the inside wall of the sampler at a short distance from the entry to the sampler, see Fig. 1 . This distance will increase as R increases. The limiting streamsurface is the surface which separates the sampled air from that which is not sampled. It is possible that ideal flow will not model this adequately and the viscous effects are significant. The results obtained by the model described here will however predict the trend in sampler performance as R increases. To obtain accurate predictions of aspiration efficiency it may be necessary to model the flow field including the viscous effects and this more complex model is currently under development. In order to model the flow reversal within the sampling tube some modifications have been made
to the potential flow model described by Dunnett and Wen (2002) . The velocity plane, the plane inside the sampler at which the air velocity is assumed to take a constant value of U S , is taken a distance x in inside the sampling tube, see Fig. 1 . Mathematically and computationally this introduces corners into the geometry considered and hence inaccuracies in the mathematical method adopted. Every effort has been taken to minimise these inaccuracies. Also, in order to solve the problem numerically, the walls of the sampler have been taken to have a finite thickness and hence D and D i are taken to be the outer and inner diameter of the sampling tube, respectively. In assuming ideal flow the assumption has been made that the Reynolds number of the flow, given by
where ν is the kinematic viscosity of the air, is large. For the majority of the region of interest this will be a reasonable assumption as the value of Re is usually in the range ( ) ( ) 3 2 10 O 10 O − . However, viscous forces will be significant near the outer surface of the sampler, but this region is small and will not have a significant affect upon the motion of the particles. Inside the tube viscous effects will be significant in the boundary layer adjacent to the inside sampler walls. The thickness of the boundary layer will be small near the sampler entry but increase with distance down the tube. For a long tube the boundary layer thickens and eventually envelopes the whole flow, the flow is then said to be 'established'. However, in the samplers modelled here their lengths are assumed to be small and hence the boundary layer remains thin and viscous effects negligible.
Once the velocity of the air has been obtained, it is possible to trace the paths of the particles within the flow. In performing this calculation it was assumed that the particles were sufficiently small to cause no disturbance to the flow and that all external forces, except gravity, were negligible. The particle trajectories were obtained numerically by solving the non-dimensional equations of motion of the particles. In the situation when the sampler is pointing vertically upwards these equations, are given by, see Dunnett and Ingham (1988) 
where ρ is the particle density and µ the air viscosity.
In tracing the particle paths, a finite-difference method was used, see Dunnett and Ingham (1988) . The particles were started at a very large distance from the sampler, where the flow was assumed to be undisturbed by the physical presence of the sampler. It was assumed that the particles were then moving with the same velocity as the airflow, U 0 , plus their settling velocity, v S .
The particles were then traced and the limiting particle trajectories, i.e. those separating the particles which are sampled from those that are not, were determined. The surface formed by these limiting trajectories will enclose an area a 0 on the plane perpendicular to the initial direction of particle motion, in the undisturbed flow. If the effects of gravity are neglected when tracing the particle paths then this area will be circular and lie on the where v int is the initial particle velocity and Q is volume of air sampled per unit time.
Results for the aspiration efficiency have been obtained for various situations and a comparison is made between the results obtained and the available experimental data.
In the case of large values of the velocity ratio R, the non-dimensional velocity across the face of the sampling tube is small compared with the non-dimensional settling velocity of the particles and hence it is possible that gravitational effects will contribute to A. In this paper, results have also been obtained by neglecting gravitational effects, the usual assumption, and a study is made of the effects of gravity upon aspiration.
Results
Initially results were obtained in order to compare with the early work of Yoshida et al. (1980) . In their work a theoretical and experimental investigation was made into the flow behaviour and sampling efficiency of thin-walled tubes, oriented vertically, operating at low sampling velocities. Experimentally they obtained results for one size of particle, and Fr >100. In Fig. 2., A is shown as a function of R for St = 0.56 with the sampler pointing vertically upwards.
In the figure the experimental data of Yoshida et al. (1980) , the predictions from the empirical model of Belyaev and Levin (1974) were particles attached to the sampler tube at a certain distance from the tube inlet but there were none near the inlet. It was hypothesised that this was due to a return to the main flow of some of the particles which collided with the internal walls of the tube by a reversal of the air flow. Hence in order to investigate whether the reversed flow does affect aspiration, results have been obtained for A taking the limiting particle trajectories to be those that meet the internal sampler walls at flow stagnation. This makes the assumption that any particles that meet the sampler walls between the inlet and flow stagnation are not sampled but returned to the main flow by the reversed air flow. These are also shown in Figure 2 labelled 'new numerical results'. In this case the results lie closer to the experimental data than the original numerical results, though the difference between the two increases as R increases. The empirical formula of Paik and Vincent (2002a) fits the experimental data well for R<30. In obtaining the numerical results it was found that, in this case, the gravitational effects were negligible. It appears from these results that a major factor affecting the aspiration efficiency when sampling at large values of R is the flow reversal inside the sampling tube. Such effects were not included in the empirical model of Belyaev and Levin (1974) St were considered and the same behaviour was found to occur, i.e. taking the limiting particle trajectories to be those that just pass across the entry to the sampler leads to a significant overestimation in the value of A. However, taking the limiting particle trajectories to be those that meet the internal sampler walls at flow stagnation, brings the numerical results into line with the experimental data. As St increases, the difference between the two sets of numerical results decreases, this can be explained by the fact that as St increases the particles are less able to follow the flow and hence are more likely to travel down the sampling tube without meeting the sampler walls. This can be seen in Fig.   3(b) where results are shown for St = 2.43. In this figure numerical results, for the case when the limiting particle trajectories are taken to be those that meet the internal sampler walls at flow stagnation, are also shown when gravitational effects have been neglected in the model, as a difference is discernable in this case, though it is not great.
Due to the low flow velocities across the sampling inlet it has been felt, previously, that gravity may be affecting the sampling performance of the sampler hence leading to the discrepancies seen between the results given by the empirical models and the experimental data. From the work undertaken in this paper, it appears that the greatest factor affecting the aspiration efficiency is the airflow reversal inside the sampling tube and it is not the gravitational effects. An example of when the gravitational effects do have a significant affect upon the predicted value of A is seen in Fig. 4 where A is plotted as a function of the Froude Number, Fr, for St = 2.43 and R = 50. The Froude number is effectively the ratio between the inertial and gravitational forces on the particles. These values of St and R have been shown as they correspond to the largest particle size and the lowest sampling velocity taken by Paik and Vincent (2002a) . As can be observed from the figure gravitational effects do not become significant until Fr becomes small. At Fr ≈ 10, the value corresponding to the experimental conditions in Paik and Vincent (2002a) would appear that in order for gravitational effects to be significant, the values of U 0 and U S must be very small and the particle size very large.
From the results shown it can be seen that the numerical model is consistently predicting higher aspiration efficiencies than those seen experimentally for R > 6. As mentioned previously, due to the neglect of viscous effects there are limitations in the numerical model for predicting the airflow inside the sampling tube. As the air moves down the tube the boundary-layer on the inner surface of the tube, where the viscous effects of the flow are important, will grow in size and hence the assumption of ideal flow will become increasingly inaccurate. This could cause some inaccuracies in the results obtained.
However the 'entry length' required to establish fully developed flow in a pipe, where viscous forces dominate, is always considerably larger than the values of x in considered in this paper. For example, for laminar flow the entry length is estimated to be, see Massey (1976) , 0.057*Re*D where Re is the Reynolds number of the flow, and hence for Re = 1000 this gives a length of 57D. Hence for the situations considered in this paper, and practically, it would not be expected that the boundary-layer inside the tube would have a significant affect upon the particle motion. Also the accuracy of the numerical method decreases as the length x in increases, although every effort was made to keep these inaccuracies to a minimum. Due to these problems, the range of x in considered was x in < 1.5, although in any experimental set-up it is likely that its value will be larger. This could account for some of the differences in the values of A predicted by the numerical model and the available experimental data.
Although the potential model suffers from these inaccuracies it does predict the trends in sampler performance. In order to accurately predict the aspiration efficiency for large values of R a viscous model would need to be adopted to model the airflow. Such a model is currently under development.
From the results shown in this paper, it has been shown that in the case of sampling for large values of R, for most sampling situations, the effects of gravity upon the aspiration efficiency is insignificant. This is the situation generally assumed when developing numerical and empirical models for predicting sampler performance. However, from the numerical model it appears that a significant factor affecting aspiration is the flow reversal within the sampling tube. The larger the value of R the bigger this area of flow reversal will be. The extent of the effect the flow reversal has upon aspiration efficiency will depend upon the nature of the particles, liquid particles, for example, are unlikely to be removed from the internal walls by the reversed flow and hence will be sampled. In that case the trends in aspiration predicted by the original numerical model would be expected to be displayed. In the case of dry particles, it is possible that they may rebound or be reentrained from the internal walls into the reverse air flow. Reentrainment is dependent upon whether the drag force exerted by the air flow upon the particle is greater than the friction force exerted by the surface. Both removal mechanisms are dependent upon many factors including particle size, particle material, nature of the surface and flow
properties. In the experimental data shown here, that of Yoshida et al (1980) and Paik and Vincent (2002a) , dry aerosol were used with diameters of at least 13µm and hence removal is possible. It appears therefore from the work shown here that the reason this experimental data differs from the established empirical models is likely to be due to the reentrainment of particle into the reverse flow. The physical reasoning leading to equations (3) and (4) is still valid when sampling at large values of R if the form of G is modified to take into account the loss of particles due to the flow reversal. The form for G postulated by Paik and Vincent (2002a) , eqn (8), appears to model well the available experimental data, for dry aerosol, but more data is required in order to validate, or not, this expression for the aspiration efficiency of tube samplers operating at large R values.
Conclusions
From the preliminary results presented in this paper, it appears that the case of large R for aerosol sampling, a situation that is becoming increasingly important, is a more complex situation than previously considered. It appears that the effects of gravity upon aspiration are, in general negligible, but the reversal of the flow within the sampling tube is leading to a removal of particles from within the tube. This flow reversal for R>>1 has been noted previously, see Vincent (1989) , but its effects upon aspiration have not been previously studied in detail and this appears to be one of the major factors affecting the aspiration efficiency.
The empirical formula of Belyeav and Levin (1974) , developed for sampling tubes and frequently used in the field, models well the aspiration of particles across the sampling inlet. However, in the formula, no account is taken of the flow reversal within the sampling tube removing from the sampler particles which initially crossed the inlet of the sampler, and hence for large values of R it increasingly overestimates the value of A. The work described in this paper shows that in the majority of cases of practical interest, gravitational effects upon aspiration are negligible and hence the empirical form of the expression for A developed by Belyaev and Levin (1974) is correct but the empirical factor G requires modification to take into account the flow reversal inside the sampling tube.
Further, it has been shown that the potential flow model adopted here to model the airflow near the sampler becomes increasingly inaccurate as the value of R increases. This method has been adopted for many sampling problems and has been found to accurately predict the performance of samplers, see Dunnett and Wen (2002) , and it has the advantage of using less computational resources than other methods. However, it appears that it is necessary to adopt a viscous model when sampling at large values of R.
In conclusion, when modelling the sampler performance at large values of R, a viscous model must be adopted for the flow field and the empirical models that are presently in use must be adapted to account for the flow reversal. The modification made by Paik and Vincent (2002a) appears to accurately model the situation but more data is required in order to fully verify this. 
